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ABSTRACT

For space missions in which tracking the residual carrier is absolutely critical, the use of
asubcarrier to separate the data from the residual carrier is the best way to maximize residual -
carrier tracking performance. In exchange for a better tracking performance, this method
consumes greater bandwidth than required without a subcarrier. In this paper, the residual-carrier
tracking performance for PCM/PSK/PM/NRYZ, for sguare wave and sine wave subcarriers will be
determined as afunction of the subcarrier-to-sy mbol rate ratio. Y¥xplicitly, the R¥ residual carrier
hacking performance in terms of the symbol SNR degradation willbe quantified. The upper and
lower bound values for the subcarrier-to-symbol rate ratio will also be derived, and for which

they can be used to determine the minimum required bandwidth for maximum residual-carrier

tracking performance. The analytical results obtained from the mathematical models are validated

by computer simulation




1. INTRODUCTION

Currently, most space missions operate at relatively low data rates using residual carrier
modulation, thus necessitating the separation of the data from the residual carrier to avoid
interference. This can be achieved by placing the data modulation on a subcarrier, since direct
modulation of the data on the carrer would cause most of the data power to fall within the
bandwidth of the carrier Phase-1 .ocked-I mop (P1.1.) and, as a consequence, interfers with its
operation [1, chap. 3). The schemein which the data is Phase-Shift Keyed (PSK) onto a
subcarrier and then |’base-hlodLIlated (PM) onto a sinusoidal carrier is caled PCM/PSK/PM
moclulation scheme. Furthermore, the international Consultative Committee for Space Data
Systems (CCSDS) has recommended that the square wave subcarrier should be used for the deep
space missions and sine wave subcarrier for the near carth missions [3].

The performance evaluation of the PCM/PSK/PM for both square wave and sine wave
subcarricrs has been evaluated and became text book material [ 1, 4 and 7]. However, the analyses
presented in [], 4 and 7] have always assumed that the subcarrier frequency-to-sy mbol rate, n, is
sufficiently high enough that the interaction between the R residual carrier and data is negligible.
Recently, [2] has calculated the minimum allowable n for PCM/PSK/PM with high symbol rate
and square wave subcarriers only.

The purpose of this paper is to determine the minimum (lower bound) n and to present a
simplified approximate-nathematical model to evaluate the upper bound of n for PCM/PSK/PM
with both square wave and sine wave subcarriers. Using the available results [1 -7], this paper will
quantify the lower bound of ninterms of the Symbol Signal-to-Noise Ratio (S SNR)degradation
and the upper bound of n in terms of power Containment in the predetection filter bandwidth. The

paper is organized as follows: A brief description of the residual carrier modulation scheme




with associated Power Spectral Density (PSD) is presented in Section 2. The performance Of the
PCM/PSK/PM system as a function of n and the derivation of the bounds for n are shown in
Section 3 and 4, respectively. A brief description of the computer simulation to verify the theory
derived in Sections 3 and 4 is presented in Section 5. Numerical results are shown in Section6
and genera] discussions and conclusions arc presented in Section 7.
[I. TELEM ETRY FORMAT
Telemetry format which employs PCM/PSK/PM modulation scheme with either a sine

wave or a square wave subcarrier can be represented mathematically as [1, 4 and 7]

ST(L):\/?PY'COS(wct.+n7d(t)p(t;)) (1)

where P, isthe total transmitied power, m is the modulation index, d(t) is the non-return-to-zero
data format (NR7.), and p(t) is either a sine wave or a square wave subcarrier as shown in Eqns.

(1a) and (1 b) respectively,

sgr{w, t10..)
p(t)- <sin (0,.10,,) (10)

For p(t) = sqr(. ), onc has PCM/PSK/PM/Square-wave. Using simple trigonometric
expansions, Eqns (1) and (1a) can be expressed as a sum of the residual carrier component and

the data component. Explicitly,

ST,SQUARF.‘(t) \/2P7 c(os(m)sin((oc p)id(t)p(t) sin (m)cos (w,t) (2)

where the first termis the carrier component and the second term is the data component. In Fqn.
(2), the modulation index, m, allocates the total transmitted power, P;, between the residual

carrier and the data. When p(t) = sin(.), one has PCM/PSK/PM/Sin e-wave, the expansion on




Eqgns (1) and (Ib) yields

Sp,sme(t) = 2P sin(w.t) [Jo (m)+ Y 2J,(m) Cos (Im.et)l
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where J (m) is the Bessel function of the first kind with order n. As before, the modulation index,
m, divides the total power, P, between the carrierand the data. ¥From Eqn. (2), the power spectral

density (PSD)for PCM/PSK/PM /Square-wave subcarrier is found to be [5]
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and the PSD for PCM/PSK/PM/Sine-wave IS given by:
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where S;,(.) is the spectrum density for the NRZ7, data format which is defined as [1]

splry=2 . Fel (6)




From Eqn. (4) and (5), the residual carrier power and the data power can be obtained directly as
shown respectively for the square wave subcarrier case,

Pp=PyCos?{(m)
(7)

Pp=PoSin? (m)

and for the sine wave subcarrier case,

Pos Pl (m) (8)
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The PSD functions defined in Yqns. (4), (5) and (6) are plotted in Figs. 1 (a), 1 (b), and (1c)
respectively. For clarity sake, only the positive frequency and the first two harmonics are shown in
figures1(a) and (1b). Equations (4) and (5) are symmetric functions, hence their PSDs for negative
and positive frequencies are mirror of each other,
111, PERFORMANCE ANA] .YSIS

At the ground station receiver, a P1.1. isemployed to track the residual carrier in the incoming
signal. The performance of the 1'1,1, depends on how much data power is present inside the carrier
tracking loop bandwidth which interfers with the carrier. The amouant of interference from the data
depends on the subcarrier frequency-to-symbolrate ratio, n. Theshadedregionin¥ig. 1 illustrated
this effects. interference of this type causes the P1.1. to provide imperfect reference to the tracking

of residual earl-icr, which can be modelled mathematicaly as
C(n, t) =/2Pcos(w t1¢(n,t)) (9)

where ¢(n,1) denotes the carrier tracking phase errors induced by the data interference, and n is the

subcarrier-to-sy mbol rate ratio which impacts the phase error. The performance of the latter has been




assessed inthe past [ 1, 2, 4 and 7]. It degrades the Symbol Error Rate (SER) performance. Clearly,
as one varies n, or vary the separation between the carrier and the data, one is also varying the
performance of residua-carrier tracking. One seeks, therefore, the minimum value of n such that the
degradation is minimal. By analyzing the carrier tracking performance and then determining the SER
performance one can determine the lower bound n,. The theory presented in [ 1 -2] willbeused to
deter-mine the lower bound n,.For PCM/PSK/PM /Sine-wave with low data rate and n; higher order
harmonics (or spikes) of the carrier can fall within the carrier tracking loop bandwidth and can cause
potential CW interference. For this case, analytical results will be verified by computer simulation,
The carrier tracking performance can be characterized by the tracking variance, o’, which

is given by [2]:

0f: - L rew (1.0)

o

where p, is the idea P11, loop SNR }t'hit]) is defined in [2] for a square, wave and Sine wave
subcarriers respectively as

Pz cos? (m) (11)
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and 1CR isthe interference- power-to-carrier-power ratio and will be derive in the following section.
L1 EVAI JUATING ICR
This section derives the ICR parameters for both PCM/PSK/PM/Square-wave and

PCM/PSK/PM/Sine-wave cases. The derivation assumes that the interference spectrum is smooth




over the carrier tracking bandwidth, hence it can be characterized as a white noise process. For the
case when the interference spectrum is not smooth, computer simulation will be used in analyzing
the performance of the system.

111.1.1 SQUAREWAVE CASE.

Asthe name suggested, 1CR isthe interference power that falls inside the carrier tracking loop

bandwidth to the earl-icr power ratio. Explicitly, for square wave subcarrier case ICR is given by [2]:

o
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.
where S, squar() €an be found from Eqn. (4), and it is given by:
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and 11(f) is the transfer function of the tracking loop filter given by [1]:
2
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where f is the natura frequency of the loop filter given by [1]
B
n n(é{_j/) (16)
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where { is the damping factor, anditis assured to be 0.707.
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111,1.2 SINEWAVE CASE

For modulation with sine-wave subcarrier, ICR then becomes

o
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where J,(m)isthe Bessel function, S,y is derived from Eqn. (5), and it is given by:
Sp,eme” ):2; Iy (m [Sn (F-(2k- 1) [ 48, (1 (2 A3.) 1) (18)

and H(f) is defined by Fqn. (15), Eqn. (1'7) is valid aslong as O < B, <3f. As illustrated inktig.
(Ib), for B, >3f,., higher order of the carrier harmonics (See Figure 2.) can fall into the tracking loop
bandwidth and can caused (W interference,
11 12D ETERMINING SYMBOI . ERROR 1< A’ JH; (SER)

ideally, when thereisno interference andthe P] .loop SNR is infinite, the SER (or Pe) is

computed from[ 1]

L ors " (19)
PCyppar’ D Ccr fc<, NSO)

where I /N, isdenoted as the symbol SNR anditisgivenby [ 1] for the square wave and sine wave

subcarriers respectively as

Bs, Pr sin®(m) (20)

‘s Py 290 () (21)




in practice, the P1.1L's loop SNR is not infinite (especial 1y when data interfers with the carrier) and

Eqgn. (19) becomes

pc;f(;cffc{\J 'IF\IS cos ((j) ]JJ(dJ) dd =

where ¢ denote the phase error of the VCO in the PL1.. The probability density function of the

phase error is approximated by a Tikhonov density

. " i (23)
p(d)) -.27":7";5(‘))4 d) € [ n,TE]
where p is the effective loop SNR which is computed fromEqn. (1 O) to be
] 1
prt (24)
O4 - 4ICR
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Note that Xqn. (22) represents a mathematical model to calculate the Symbol Error Rate (SER) for
the case when the data rate is high withrespect to the receiver tracking loop bandwidth. For high
data rate case, the phase error process ¢(n, t) varies slowly and is essentially constant over a symbol
interval T = 1 /Rg. However, when the data rate is low relative to the receiver tracking loop
bandwidth, the phase process is no longer constant over the symbol interval, it varies rather fast over
the symbol interval T anti the SR can better be approximated by [1]:

Pox= ;C]f((\JV—;Sf"[COS((b)] ] (25)

0




where

E[cos ($)] :f¢th>s () p(d)dd (26)

Once the SER is determined, one can quantify the carrier tracking performance by
determining the symbol SNR degradation. Yor a fixed SER, the symbol SNR degradation can be
determined by subtracting the symbol SNR obtained from ¥:qn. (1 9) for ideal case (i. e., corresponding
to 11+ /R == =0 and infinite loop SNR) from the corresponding symbol SNR obtained from ¥qn
(22) for non-ideal case, (i.e., with datainterference and infinite loop SNR.) The difference in the
symbol SNR is the degradation due to imperfectresidual carrier tracking cause by data interference,
Iixamples will be shown in the numerical results section.

IV.DETERMINING ‘T 11ESUBCARRIER-TO-SYMBOL.RATE RA'1'10 BOUNDS

Using the results presented in the last two sections, one can determine the minimum value
of the subcarricr-to- symbol rate ratio, n;, to meet a specific SNR degradation. This can be done by
computing the SER using Eqn. (22) or (25) with n as parameter. Unfortunately, as one moves the
subcarrier further away from the carrier (increasing n,) one is also pushing the data spectrum out of
the bandwidth of the predetection filter as shown in¥ig. 2. This filter is usually located in front of
the 1'1.1, or at the first1F stage of the receiver and band limits the incoming signal. Yence, with the
knowl edge of the required minimum data power containment within the predetection filter

bandwidth, the maximum allowable value of n can be determined, The total Power Containment

(PWCQC)of the data within the filter bandwidth can be computed from

pwc=fs(f) |17(£) |2df (27)




where I(f) denotes the transfer function of a bandpass filter and S(f) is the PSD> defined in Eqns.
(14) and (18) for the square wave and sine wave subcarriers, respectively.

in this paper, the predetection filler assumes the same frequency responds of the filter
implemented in the Deep Space Network (1> SN)/Block V receiver [1 O]. ‘Thisfilter is a Surface
Acoustic Wave (SAW) bandpass filter. The SAW filter has a passband of 66MHz, measured
between the -1 dB drop off points. It can be modeled by a 20-pole Chebyshev bandpass filter which

has a transfer function as shown

| (G0 e 1 (28)
14€277(Q)
where T (o) is the nth Chevbyshev polynomial, ande determines the amplitude of the ripple in the

passband of the filter. Reference [ 10] has shown that this filter can be approximated by a brick-wall

bandpass filter. Therefore, lqn. (27) can be rewritten as

f _+BW
c

PWC: fs(f) dr (29)

fo-BW

where BW isthe one-sided bandwidth of the SAW filter Observe that ¥qn (29) is correct since S(f)
given by Eqns (14) and (18) arc one-sided PSDs and the equivalent low pass filter of the bandpass
filter is considered in Eqn (29), Evaluating Iqn (29) for a specified power containment (PWC) is
nearly impossible since n is not known and nor is{,. in addition, one can interactively estimates
n but for each estimate the integral in equation (29) must be evaluated from {.-BW to f_+ BW which
is a time consuming process for large bandwidth, BW. One wishes, therefore, to have a mathematical
model in a closed form that can provide an accurate estimate of the upper bound value of n,, that

requires the less computational time (and which works for predetection filter bandwidth, BW). in




the following, a simple method is developed toapproximate the upper bound value n,,, and the

accuracy of this model will be verified latter in the numerical results section by actual calculation
of Eqn. (29).
The upper bound for n,, for both square wave and sine wave subcarrier cases can be

computed from

BW=h(n,R,) 1 kR (30)

with the assumption that

Lo TyRg (31)

and n,, IS an integer. Solving for n,,onc obtains

(.BW' k)
Ry (32)

IJMZ h

where h is the harmonic order of the data spectrum to be cnclosed within the filter bandwidth and
k is the number of right-sided sidelobes of the hth order harmonic to be enclosedin the filter
bandwidth. One canchoosek as an integer or a decimal number, but the latter would results in a
small deviation from the true estimate in exchange for shorter computation time. in order to compute
n,,, one must first determine the parameters k and h. This is possible once the percentage of power
contains within the filter bandwidth is specified. Tosimplify the calculation of parameter h, one
would, first, necdto assume infinite number of sidelobes for each of the data harmonics in the

calculation. This assumption will be rectified partially at the evaluation of the parameter k. With




this assumption, the parameter his determined for the sinewave subcarrier from

1 L .
pPwc, (h) = |- — . = ., J(my S, (f -1 fg)dfl
’ = 2, 31T, :ﬂ,( e (33)
Ji(m)
i=1,3,5,
and for square wave subcarrierit is determined by
8 h | T (34)
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Lvaluating integralsinYiqns. (33) and (34), one obtains the simplified forms as shown respectively

below
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From Eqns. (35) and (36), one candetermine the minimum parameter h that is required to
obtain approximately the given PWC. To correct the assumption that the prc-filtering bandwidth is
unlimited one observes that, as shownmFig. (2), only k numbers of sidelobes of the data’s hth
harmonics arc needed to meet the required PWC.One can determine this parameter simply by

iteractively evaluated Eqn (37) until a value for k can be found to satisfy the specified PWC.




kRg kRg
PHCoorrocr = [ SDCF) dfs3+ [ 8, (1) af (37)
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where S, (f) is the data PSD at baseband defined in Eqn. (6). Once the parameters h and k are
obtained, the upper boundn,,, can be calculated easily from Eqn. (32). The estimated total power
containment within the specified pre-filter bandwidth (BW), PWCrs1» corresponding to n,, is given
by

pwC. ('] . PWCrorrect i hoed (38)
I)WC o . : " ;
EST <PWCJ- (h" 2) + PWCj (i:=h), PWC ; h > 1

Correct !

for j: O corresponds to sine wave, anti 1 forsquai ¢ wave subcarrier. The actual value of the total
power containment for a given n,, can be obtained by substituting n,, into Yan. (31) and evaluating
Eqns (31) and (27) for PWC. Numerical results will be shown in the following sections to confirm
the accuracy of the model. ‘I’ he specifications used in the calculation pertains to the DSN/Block 1V
and V receiver Systems.
V. SIMUIL.ATION

A direct approach to obtain the lower boundn; isby computer simulation. This approach
willbe used to verify the presented mathematicalmodels. The communication systems under
investigation are simulated using Comdisco's Signal Processing Workstation (SPW) software. Figures
3 and 4 snow theblockdiagram for the systems of square wave and sine wave subcarriers
respectively. Basic operation of these systems arc described below.

The Pl 1. receives the PCM/PSK/PM/NR Z/Square-wave or PCM/PSK/PM /NR 7/Sine-wave
signal from the Test Signal Generator (TSG).Due to data interfering with the carrier, the P1.1. will

output an imperfect reference of the carrier as defined in Eqn. (9). The imperfect carrier is then




used to demodulated the data signal which, using Eqns. (2) and (3), can be modeled for the square

wave and sine wave subcarriers respectively as

T(t)  spuarr™y/2Prd( t)sin(mjcos (w t)+n(t) (39)

() gppe7/2P2d (L) (Y20, (m) sin(w,t)) 1n(t) (40)
where n(t) is a while gaussian noise. The demodulated signals are thenfiltered to produce the

corrc.spending baseband signals

T L) spuare JErsin(m) d(t)cos (¢ {1, t) ) 411, (L) (41)

10E) g = yPrV20, (M) d(t.) cos (¢ (n, ©)) *n( L) (42)

These basband signals are then filtered by a match filter to reproduce the transmitted data symbol.
Since there is noise in the signal and the carrier tracking is imperfect, the reproduced data symbol
may not match with the transmitted data symbol. in this case, an error has occurred; hence, an error
counter is employed to count the number of timesthis happens, Knowing this number the SER can

be computed using the equation

b NRg

esam _7 tfs

(43)

where N denotes the number of symbol error detected, R, isthe symbol rate, 1, is the total number
of iteration points run for the simulation, and f, is the sampling frequency. The subsequent section
presents simulation results obtained from the simulation systems shown in Figs. (3)-(4). Note that
by simulating the systems shown in Figs. (3)-(4) one. has assumed that the subcarrier tracking is

perfect which is consistent with the mathematical models presented in Section 3.




VI.NUMERICA 1. RESULTS

Two types of data will be presented here to determine the bounds for n, onc comes from the
theories described above and the other comes from computer simulation. These data will be
presented jointly for comparison purposes,

For the sguare wave subcarrier, the simulated case isfor B, /R ‘- 0.5, tracking loop bandwidth
is 150 Hz [9], and the corresponding bit rate is 300 bit-per-second. Using Eqns. (22) and (23) the
bit error rate is computed. Figures (5a) and (5b) shows the SER versus the symbol SNR from the
simulation and simulation plus calculation respectively. As illustrated by the arrows, the differences
in the symbol SN R between the curves of “ldeal” and the curve of “n = " represent the radio loss
as defined in [ 1 ]. Note that the curve labeled “ldeal” denotes for the case whentheloop SNR and
narc infinite. The symbol SNR degradation due to data interference can be found by measuring the
horizontal distance between the curve of "n:"to the corresponding curve of n for a fixed value
of SER.in Fig.(5b), the simulation and the theory datum are plotted jointly to show that the as n
gets larger, the results from theory and simulation a1 ¢ more agreecable.

Figures (6a) and ¥ig. (6b)depict SER curves for B, /R 2.5, plotted for the simulation and
theory plus simulation data respectively, At this B,/Rgratio, the data interference can not be
considered as white noise for low value of n. In these cases, results from the simulation will be used
to determine the minimum value of n. Figures (7@) and (7b) depict SER curves for B, /Ry = 4.69.
Note. that for the latter two cases, the theoretical results for the SER arc obtained from calculating,
Eqns. (25) and (26).

Using the loop bandwidth-to-sy mbol rate ratio (B,/R,) values of the square wave subcarrier
case, the SER for the sine wave subcarrier case were calculated and ploted against symbol SNR as

shown in Figures 8, 9, and 10. Note that for the two cases of B,/R = 2.5 and 4.69, higher order of




the carrier harmonics do fall into the carrier tracking loop bandwidth for low values of n (i.e. n =

1, 2, or 3.) For these cases, the SER were obtained from calculating eguation (25) and (26 and the
results were verified by computer simulation.

From these Figures, one can see that in order to minimize symbol SNR degradation due to
data interference, one wouldneed a certain minimum value of n. This is the lower bound n,. Table
I summarizes the minimum value of the subcarrier frequency-to-bit rate ratio, n;, that result in the

Symbol SNR degradation of 0.1 dB or less.

TABLE 1. MINIMUM VALUE OF THE SUBCARRIER FREQUENCY-TO-SYMBOL RATE RATIO, N;, FOR
SER < 10-3 Wit THE SYMBOYL, SNR 1) EGRADATION OF ().2 dB OR LESS

Monurayiox PCM/PSK/PM/S QUARK-WAVEE | | PCM/PSK/PM/SINE-WAVE
Tyre
e B
IR 469 2.5 . | ae | 2 <05
—— ] S — - e i TS R T U —
e fea/Rg || 10 10 3 10 10 3

1l ’ T
ssne || < <0.19dB r,< 0.] B | <o1dB || <016dB | <o0.1dB < 0.1dB

Degradation

The upper bound of n, n,,, can be calculated by ¥qn. (30). Here, the prc-filter is taking as the

pi-c-filtering filter of the block V receiver [8), the bandpass SAW filter. This filter has a pass band of
66M1Hz; measured between the -1 dB drop off points. Using Eqns. (32) and (38), the maximum value for
the parameter of n was calculated for two values of the data power containment and the results are
verified by using Eqn. (29). The results arec tabulated in Tables (2)-(5) for both sine-wave andsquare-
wave subcarrier. Note that the column contained the “Estimated Vaue® is calculated from Eqns (32)
and (38). While the column labeled “Actual Vaue’ is computed from Eqn. (29). Depending on the
amount of the desired power containment, the uppet bound for the subcarrier frequency-to-bit rate ratio

canbe selected from these tables.



maxiMum (UPPER Bounp) VaLue OF THE Suscarrier FREQUENCY-TO-SYMBOL RATE
RATIO, nyy FOR TWO VA LUES OF POWER CONTAINMENT AT 500 K SYMBOI S PER SECOND

TABLE 2.

(sps)
R¢ = 500 Ksps L
PCM/PSK/PM/SQUARE WAVE PCM/PS K/PM/S1NEWAVE
Ny 9 4 65 56
PwWC % Fstimated Actual Estimated Actual Fstimated Actual Estimated Actual
Value Value Value Value Value Value Value Value
. 94.93 95.16 97.5 97.71 94.02 93 .98 98.32 98.66

TABIE 3.

MAXIMUM (UPPER BOUND) VALUE OF THE SUBCARRIER FREQUENCY-TO-SYMBOL
RATE RATIO, n,; FOR TWO VALUES OF POWER CONTAINMENT AT 300 SYMBOLS PER

SECOND (SPS)

R, = 300 sps

PCM/PSK/PM/SQUARE WAVE

PCM/PSK/PM/SINE WAVE

Iy, 15714 4074 109999 109991
PwWC % ESTIMATED ACIUAL ESTIMATED ACIUAL EsSTIMATED ACIUAL EstiMatlen AcCruaLn
VALUE VALUE VALUE VAILE VALUE VALUE VALUE VALUE
94.92- 95.29 98.55 98.94 94.73 94.68 99.01 98.96




TABLE 4.

MAXIMUM (UPPER BOUND) VALUE OF THE SUBCARRIER FREQUENCY-TO-SYMBOL
RATE RATIO, ny FOR TWO Va1 UES OF POWER CONTAINMENT AT 60 symBoLs PER

SECOND (SPS)

TABLE S, .

R; - 60 sps
PCM/PSK/PM/SQUA RE WAVE PCM/PSK/PM/SINE WAVE
Ny 78571 23912 549999 549995
I'WC % Fs1ivaten | ACIuAlL F STIMATHL ACIUALL Es1ivMATED ACIUAL EsTiMATED ACIUAL
VALUE VALLE VALUE VALUEE VALLE VALUE VALUE VALUE
9493 | 9531 9831 | 9870 | 9512 | 9507 | 9897 | 98.92

MAXIMUM (UPPER BOUND) VALUE OF THE SUBCARRIER FREQUENCY-TO-SYMBOI,
RATE RATIO, ny FOR TWO VAILUES OF POWER CONTAINMENT AT 32 SYMBOILS PER

SECOND (SI

’S)

R, == 32 sps

PCM/PSK/PM/SQUARE WAVE PCM/PSK/PM/SINE WAV
T
Ny, 147321 33266 1031249 1031245
PWC o0 Estimated Actual Estimated Actoal Estimated Actual Estimated Actual
) Value Value Value Value Value Value Value Value
94.93 95.31 98.73 99,13 95.14 95.09 98.99 98.94

VII. SUMMARY ANI) CONCI,1IS1IONS
This paper has analyzed the performance of the PCM/PSK/PM receiver for both sguare and sine
wave subcarrier. The performance of the receiversunder investigation is characterized by (a)the SER
performance, and (b) the amount of the data recovered from the first I¥ stage filtering (or the total data
power contained in the filtered bandwidth). Both SER ant] total data power containment are computed

as a function of the subcarrier frequency-to-symbol rate ratio, n. Based on the SER  performance, one




can establish the lower bound (or minimum) value n,. On the other hand, the upper bound (or

maximum) n,,, IS determined from the required data power containment in the first IF stage filter
bandwidth. The specifications on the loop bandwidth, minimum and maximum data rate, and the
bandwidth of the first stage IF filter are obtained fromthe DSN/Block 1V and V receivers. These
specifications are used in the theoretical calculations of the SER and data power containment (or
recoverable data power) in the filter bandwidth. The theoretical results are then verified by computer
simulation .

Both theoretical and simulation results show that, for Bi/Rs< 0.5 and SER < 0 the lower
bound for nis 3 (i. e, n; = 3) for both square and sine wave subcarriers. For 0.5 <B, /R < 4.7, the
lower bound for n is found to be 10. When the subcarrier frequency is chosen to be exactly at n, R, a
symbol SNR degradation of 0.2 dB or less occurs. ‘I’able 6 summarizes the results for lower bound
values of n,.

The maximum (or upper bound) value n,, is determined from a 95 % of total data power
containment in the first stage IF filter bandwidth. Using the results presented in Tables 2-5, the log of
n,, as function of the symbol rate is plotted in Fig. 11 for both square wave and sine wave subcarriers.
ForafixedIF filter bandwidth, figure 11 shows that as one increases the data rate one has smaller upper

bound n,,.




TABLE 6, RECOMMENDED MINIMUM VALUES FOR THE SUBCARRIER FREQUENCY TO-SYMBOI-RATE
RATIO FOR SER < 10-3 WITHSYMBOL SNR DEGRADATION or 0.2 dBOR LESS.

B,/R¢ < 0.5 0.5 < B,/Rg < 4.7

r Operating Conditions! . 3 10

]

Recommended Minimum n,
n;,
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